One of the main concerns regarding water storage in Australia, and other semi-arid countries, is the high rate of evaporation that inevitably leads to significant water loss. In this paper, the use of air-bubble plume systems to reduce evaporation from large reservoirs is assessed. A destratification system was designed for a large dam based on its depth and stratification strength with the intention of destratifying the reservoir in a short time period.
Introduction
In hot, dry areas, the loss of water from open water reservoirs through evaporation can be significant. In countries where water is becoming scarce -as a result of population growth, industrial development, increase of living standards and irrigated agriculture -minimizing evaporation losses is becoming more important. Gökbulak and Ö zhan (2006) estimated that annual evaporation from lakes and dams in Turkey is greater than the amount of water withdrawn for domestic and industrial purposes across the country. In the semi-arid region of south-eastern Spain, evaporation from reservoirs was found to be equivalent to 27% of the urban demand (Martínez Alvarez et al., 2008) . In northern New South Wales and Queensland, Australia, annual evaporation loss was estimated to be as high as 40% of the total storage capacity (Craig et al., 2005) . These examples suggest that important water savings could be achieved by reducing evaporation from open water storages in arid and semi-arid countries.
Australia is estimated to have around 92,000-hm 3 capacity for surface-water storage, comprising 84,000 hm 3 in large dams (Australian Bureau of Statistics, 2006) and 8,000 hm Recent studies have investigated the application of different mechanisms to reduce evaporation from large dams, such as Wivenhoe, in Queensland. McJannet et al. (2008a) studied the effects of modifying the dam's surface area to volume ratios and concluded that this would not yield significant evaporation reductions. The same authors also studied the use of monolayers and found a possible reduction in evaporation of 10% -an important saving -although with questionable effects upon the water quality (McJannet et al., 2008b) . Yao et al. (2010) investigated the effectiveness of suspended and floating covers in reducing evaporation from Wivenhoe Dam and the results showed an impressive reduction in evaporation of 76% for suspended covers and 68% for floating covers. However, the size of Wivenhoe Dam, the risk to dam wall integrity during flood events, and the likely (but unknown) adverse impact on water quality immediately eliminates the possibility of covering the whole dam and a smaller area of application would need to be considered. Helfer et al.
A number of reviews have outlined the methods used for destratifying lakes artificially (Tolland, 1977; Henderson-Sellers, 1982) , which include mechanical stirrers, water pumps and air-bubble plume systems. For reservoirs, the most common destratification device is an air-bubble plume system (Imberger and Patterson, 1990) , which consists of a perforated pipe at the bottom of the lake, through which compressed air is pumped. As the air-bubbles rise to the surface they carry the hypolimnetic cold fluid with them. This colder water is ejected from the plume when the density of the air-water mixture is approximately equal to the ambient density or when the surface is reached. Once ejected, and being relatively heavy in comparison to the ambient water, the cold water drops, and mixing occurs, reducing thermal stratification. Should the detrainment process occur before the surface is reached, the bubbles continue to rise and further water is entrained, forming a new plume and a later detrainment at a higher level. This process may be repeated several times until the air-bubbles reach the surface. The success of the mixing will depend basically on the plume being sufficiently buoyant to overcome the strength of the stratification. The efficiency will thus depend on the air-flow rate injected into the water and the stratification strength (McDougall, 1978; Schladow, 1992; Asaeda and Imberger, 1993) .
The potential of destratification by bubble plumes in reducing evaporation is related to the change in surface water temperature brought about by the mixing device. The cold bottom water lifted up by the air mixes with warm water, reducing the temperature, and consequently, evaporation rates. Given this principle, the most important condition to achieve significant evaporation suppression from lakes is the existence of sufficient water depth (greater than ±18 m) to produce a marked natural thermocline and provide a relatively large volume of cold water for mixing (Hughes et al., 1975) .
In this study, the use of destratification by air-bubble plumes to reduce evaporation from large dams is investigated using modelling techniques. A special focus is given to the seasonal effectiveness of artificial destratification by analysing the performance of the technique over a period of 3 years. Different designs of air bubble plume destratification systems and operating strategies are tested in order to find a combination that maximizes the reduction in evaporation.
Air-Bubble Plume Model and Design
In the past, the design methodologies for destratification systems were based on empirical approaches, such as those of Lorenzen and Fast (1977) and Davis (1980) which neglected the fact that bubble-plumes have different behaviour under different conditions. An advance in understanding plume behaviour came from McDougall (1978) , who developed a model to describe the rise, detrainment and reformation of a bubble plume in stratified environments.
The model is based on the integration of equations of conservation of mass, momentum and buoyancy for a single-phase buoyant plume but maintaining the buoyancy effects of stratification, bubble slip and bubble expansion. McDougall (1978) found that the behaviour of a bubble plume is controlled by two main non-dimensional parameters, M M and C M :
where Q 0 is the air-flow rate injected into the water at atmospheric pressure (m 3 s ), λ is the dispersion term, taken to be 0.3 (dimensionless) and α is the entrainment coefficient (dimensionless), taken to be 0.083 (Milgram, 1983) . The parameter M M represents the air source strength compared to the pressure head and C M represents the effect of the stratification compared to the strength of the source. A high value of C M represents a case where stratification is strong compared to the source strength. On the other hand, a low value of C M represents a high source strength compared to the level of stratification and favours the plume reaching the surface without any internal detrainments.
Aeration systems with same values of M M and C M are expected to promote the same mixing patterns in the water.
In order to dismantle a thermal stratification structure, high airflow rates will be required if the stratification is strong, and low airflow rates will be required if the stratification is weak. If the air-flow rate is too low compared to the stratification strength, it will make the plume detrain water before reaching the surface, sometimes even before reaching the thermocline.
However, if the plume is to be effective, it must penetrate this region. If the flow rate is too high and stratification is weak, the plume will only detrain at the surface and energy will be wasted. Physically, the first case will occur whenever the additional buoyancy imparted by the bubbles is insufficient to counter the negative buoyancy of the hypolimnion water. The second case will occur whenever the difference between mean plume density and ambient density remains positive through the entire water column. These two considerations indicate that an optimum airflow rate that provides complete disintegration of the thermal structure with minimum waste of energy may be found, such that the difference between plume and environment densities (density anomaly) just becomes zero at the surface (Patterson and Imberger, 1989) .
This effect can be demonstrated by analysing the efficiency of the process, given by the relation between the change in stored potential energy in time (ΔP) and the net energy input by the aerator during this time, given by (ρ r Q 0 hg). Therefore, from the discussion above, for a fixed stratification value of magnitude N, a value of Q 0 may be found which maximizes the destratification efficiency.
A design methodology based on this theory has been suggested by Schladow (1993) and Asaeda and Imberger (1993) . An outline of the application of these methodologies is presented by . The design methodologies consist of finding the air-flow rate per diffuser and the number of ports required to dismantle efficiently a given stratification (represented by the equivalent linear profile, N E suggested by and depth.
Dynamic Reservoir Simulation Model (DYRESM)
In this study, the one-dimensional processed-based model DYRESM (Imberger and Patterson, 1981 ) was applied to model lake mixing dynamics under artificial destratification conditions and predict water temperatures and evaporation rates. This model takes lake morphometry (represented by a depth-area relationship of the lake), daily or sub-daily meteorological forcing data (solar radiation, wind, air temperature and air humidity), volume of inflows and outflows, and then produces daily outputs for water temperature, salinity and density. In DYRESM, the reservoir is represented by a series of horizontal layers of uniform properties. These layers are dynamic in thickness due to changes in volume produced by mixing, inflows, outflows, rainfall and evaporation.
The five basic processes modelled by DYRESM are: surface fluxes of heat, mass and momentum; mixed layer dynamics; vertical diffusion in the hypolimnion; inflows; and outflows. The model was later updated to include the mixing by destratification systems such as bubble plume diffusers and surface mechanical mixers with draft tubes (Patterson and Imberger, 1989) .
Within the scope of this paper, the processes of surface fluxes, surface mixed layer dynamics and artificial mixing by air-bubble plume assume more importance. The evolution of the model and the other routines are fully described in the literature (Imberger et al., 1978; Spigel and Imberger, 1980; Imberger and Patterson, 1981; Patterson et al., 1984; Hocking et al., 1988; Patterson and Imberger, 1989) .
Surface fluxes
The surface heat, mass and momentum exchanges comprise the primary mechanisms for heating, mixing and stratifying a water body in DYRESM. The surface energy fluxes are computed using bulk aerodynamic formulae. The fluxes of long-wave radiation, sensible heat and evaporation are assumed to operate on only the surface layer. Short-wave radiation heat input, on the other hand, decays through the water column according to the BeerLambert law. For the evaporative heat flux, the bulk aerodynamic formula used is:
where Q E is the latent heat flux due to evaporation (W m ), q a is the specific humidity in the air (mass of water vapour per unit mass of moist air) and q s is the specific humidity at saturation pressure, which is a function of the surface water temperature (Brutsaert, 1982) .
The surface mass exchanges include rainfall (input) and evaporation (output). The mass of the evaporated water during a given time interval is calculated as:
where M N is the evaporating mass (kg s 
Mixed Layer Dynamics
The formation and deepening of the epilimnion is computed by evaluating the turbulent kinetic energy budget in the surface mixed layer and the required potential energy for mixing this layer and the adjacent layer. A full description of the process of mixing is given by Yeates and Imberger (2003) .
The turbulent kinetic energy budget is composed of three main processes: convective overturn (where energy is released from the decrease in potential energy resulting from dense water falling to a lower level), stirring (where energy from the wind stress is applied to the surface layer), and shear (where kinetic energy is transferred from upper to the lower layers in the water column). The total available energy is compared with the potential energy required to deepen the mixed layer by one computational layer. If the energy available is greater than the energy required, deepening of the surface mixed layer takes place and the available energy is decremented by this energy required for mixing. The process is repeated until there is no remaining energy to continue the deepening process.
Whenever layers are mixed together, the layer properties are redistributed according to the conservation laws. This is valid for temperature, salt, energy and momentum:
where the subscripts refer to layer indices and C is the property being conserved (energy, salt or momentum) and M is the layer mass. For conservation of temperature, the above assumes the specific heat to be constant.
Mixing by Air-Bubble Plumes
An algorithm to model the mixing of the water by artificial air-bubble plume systems was incorporated into DYRESM and successfully validated with field data in previous studies, such as Patterson and Imberger (1989) , Imteaz and Asaeda (2000) and Lewis et al. (2001) .
The mixing model is based on the single plume model described by McDougall (1978) . The model uses the same layer discretisation used in the main model, with the bubble plume entraining water from each layer as it passes through them as a result of the integration of equations for mass, momentum, and buoyancy. The stratification through which the plume rises is not confined to being linear, but rather it is the simulated density profile from the previous time-step.
The plume density is the density of the mixture of air and water. As it rises, the effective buoyancy anomaly decreases as entrainment lowers the plume density at the same time that the ambient density decreases (if the water is stratified). Eventually, the buoyancy anomaly becomes zero, at which height the plume is ejected horizontally into the reservoir, and the plume restarted. The detrained water is immediately routed to its neutrally buoyant level, without entrainment.
The inputs for this destratification part in DYRESM include the number and depth of diffusers operating in the lake, the number of holes on each diffuser and the total daily air-flow rate per diffuser.
Model Set-Up and Verification
Wivenhoe Dam (see Figure 1) is a large dam built on the Brisbane River with its main purposes being flood mitigation and the supply of potable water to the south-east In this study, vertical mixing processes were assumed to be more important than horizontal advective processes, such as inflows and outflows, in determining the vertical temperature distribution in Wivenhoe Dam. In large reservoirs such as this, where inflows and outflows have only localized effects on water temperature, these flows can be neglected when predicting the temperature in the central portion of the lake (Ivey and Patterson, 1984) .
Moreover, other studies on the temperature dynamics of Wivenhoe Dam (eg, Yao, 2008) have found good agreement between modelled and measured temperatures without considering inflows and outflows.
Model Verification for Water Temperature
Field measurements of Wivenhoe Dam's water temperature were obtained from South East
Queensland Water and used to verify DYRESM. The year 2007 was chosen due to the availability of reliable temperature records. The temperatures were measured from the surface to 21 metres below the surface at 3-m intervals every 7 days.
The light extinction coefficient, albedo and bulk transfer coefficient were applied to calibrate DYRESM. The light extinction coefficient influences the thermodynamics of the lake through the varying water column heat absorption (Kling, 1988) , but no measured data for this parameter was available for Wivenhoe Dam. The light extinction coefficient is a relatively uncertain factor. It is usually not measured directly but calculated using empirical formulae relying on other parameters like secchi-disk depth or phytoplankton concentrations (Hornung, 2002) . Therefore, a mean annual, depth averaged value had to be assumed for the simulations. We tested different values in DYRESM, from 0.3 to 2.0 (Tanentzap, 2006; Kirk, 2003) and compared the simulated water temperature to the measured temperature.
The best adjustment was achieved for a value of 1.5 m -1
. This relatively high value seems justified, since the lake was modelled at a relatively shallow water depth, which resulted in higher turbidity than at full capacity, giving a high value for the attenuation coefficient (Oliver et al., 2000) .
The albedo of the water is another site specific parameter. It is the ratio of the global shortwave reflected radiative flux and the flux of the corresponding incident radiation. Generally, the albedo is a rather complex function of the angle of the sun, the relative proportion of direct and diffuse radiation (which is a function of the cloud cover fraction) and the surface roughness (which is a function of wind velocity and the water colour) (Hornung, 2002) . For calculations of daily radiation totals, it is common practice to use a mean value of the albedo (eg, Brutsaert, 2005) . In this study, three mean values of albedo were tested, 0.06, 0.08 and 0.12, following Tanentzap et al. (2007) . When comparing modelled and measured water temperatures, the best adjustment was obtained with a mean annual albedo set equal to 0.12.
The bulk transfer coefficient C E incorporates the variability induced by influences such as the stability of the meteorological boundary layer over the water surface, the fetch length, wind duration and water depth (Fisher et al., 1979) . In DYRESM, this value is taken as a constant unless the user invokes the algorithm for non-neutral atmospheric stability, in which case the value of C E is found from an iterative procedure as outlined in Hicks (1972) . In the current study, neutral atmospheric stability was assumed (following similar studies -eg, Hornung, 2002; Gal et al., 2003; Yeates and Imberger, 2003; Tanentzap, 2006) . As local data was limited, an indirect calibration was used -comparing modelled water temperatures with measured water temperatures for values of C E ranging from 0.8x10 -3 to 1.6x10 -3 (Fisher et al., 1979) . The value of 1.4x10 -3 yielded the best agreement between model and field data and it is in accordance with the value suggested for remote land-based meteorological stations by the TVA report (1972) and with the mean values of C E presented by Hicks (1972) for water bodies of different sizes. , 1996; Schladow and Hamilton, 1997; Gal et al., 2003) . This infers that making an exact local validation for evaporation (while ideal) would be not essential. The main reason for this is that DYRESM is a process-based hydrodynamic model with a site-independent hydrodynamic representation (Schladow and Hamilton, 1997 ).
Hipsey (2006), an important reference for evaporation research, also assumed that the model has been validated for evaporation, given the fact that it relies on parameterisations derived from detailed process studies (both from field and laboratory). This author also states that because of DYRESM's ability to accurately capture in detail the vertical thermal structure, surface water temperature predictions -which are important for evaporation calculation -are predicted to a high level of confidence when compared to other methods.
Moreover, for calculation of the flux of latent heat from the water surface to the atmosphere, DYRESM employs the familiar bulk aerodynamic formulae, which have been shown to competently capture the surface fluxes of latent heat, as well as momentum and sensible heat from a variety of water bodies.
In this study, an indirect validation for evaporation was undertaken, based on measurement data collected from a nearby lake. Finch and Hall (2001) . We used the temperature data estimated by DYRESM, which compared very well with field data, as shown in the previous section. The simulated temperatures were used rather than measured temperatures because the latter set of data was only available on a weekly basis. For daily evaporation, the agreement between the two models was notable, with a coefficient of determination (R 2 ) of 0.64, a root-mean-square error (RMSE) of 1.1 mm day -1 , and a mean bias error (MBE) of -9.0% for the one-year set of data. The MBE was -6.0% in summer and -1.4% in winter, with the Penman-Monteith estimates being significantly greater than DYRESM's estimates in summer. For monthly estimates, the coefficient of determination was 91%, the RMSE was 0.6 mm day -1
, and the MBE was -6.0%. The pan coefficient used was 0.7, following Stanhill (1976) , which is within the published range of values reported for Queensland (Weeks, 1983 Figure 6 show the comparisons of DYRESM estimates for monthly mean daily evaporation with the PenmanMonteith estimates and with the BoM data. Figure 7 shows the meteorological inputs necessary for DYRESM. Mean daily values were used for input. 
Simulations and Discussion

Water Temperature and Evaporation under Destratification Conditions
The design of the destratification system to dismantle the thermal stratification of Wivenhoe
Dam was based on the model proposed by Asaeda and Imberger (1993) , and outlined by . The design of the air-flow rate per port is based on the depth of the diffuser in the dam and the stratification strength (buoyancy frequency). The number of ports on each diffuser, in turn, is determined as a function of the reservoir's volume, the designed air-flow rate and the desired time to achieve complete destratification. The model's outputs, therefore, are the air-flow rate to be injected into the water and the number of ports.
For this investigation, the time to achieve complete destratification was set to 5 days. The time was chosen based on the fact that thermal stratification has to be broken rapidly, so that the water at the surface becomes colder from the beginning of the warm season, and higher reductions in evaporation are achieved. For water quality improvement, however, the time usually selected is 21 days (Schladow, 1991; .
Based on the simulated water temperature (Figure 8 ), the diffuser location for the first set of simulations was set at 8 metres above the bottom (approximately 17 metres below the free surface and 7 metres below the stratification zone). This depth was first selected in order to avoid the necessity of pumping high air-flow rates into the water, which would be the case if Therefore, a 25-m deep destratification system was also tested in this study.
The It can be noted that the second configuration resulted in a higher air-flow rate per plume, which is due to the higher depth of the aerator. The number of plumes, in turn, is related to the volume of the dam, to the net entrainment flow rate per plume (see for definition) and to the time set to have the water destratified. Since the net entrainment flow for the second design (25-m depth) is higher due to a higher air-flow rate, this resulted in a lower number of plumes.
The first set of simulations was performed with the destratification system operating continuously during the entire period of simulation. Afterwards, the simulations were performed with the destratification system operational from the beginning of the stratification season (September) until the end of March. The description of these simulations is presented in Table 2 . Each simulation was analysed by assessing: i) the change in evaporation rates, ii) the change in lake temperature (volume-averaged profile temperature, surface temperature and volume-averaged hypolimnetic temperature), iii) the change in the average depth of the mixed layer and iv) the change in buoyancy frequency (an indicator of the mixing efficiency). , operating continuously from September to March Figure 11 . Mean values of lake evaporation, lake temperature, depth of mixed layer and buoyancy frequency for each season -results from the baseline, SIM-1, SIM-2, SIM-3 and SIM-4
The total annual evaporation (average of 3 years) for the baseline scenario resulted in 1179 mm, and the annual evaporation for SIM-1, SIM-2, SIM-3 and SIM-4, was 1173, 1172, 1173
and 1172 mm, respectively, indicating that only minor changes in evaporation rates would be achieved under artificial destratification conditions. There were only slight changes in seasonal evaporation as well. For all simulations, evaporation in summer decreased around 1.7% in relation to the baseline values. In autumn, evaporation increased by around 5.7% for all simulations due to elevation in surface temperature. In winter, evaporation increased by 0.6% for those simulations with no operational destratification system during this season, and no changes were observed for the system operating continuously over the three years of simulation. In spring, all the destratification systems decreased evaporation by around 3.5%. Nevertheless, the net annual saving was only about 0.5%.
As for lake mixing, SIM-2 and SIM-4, with the diffuser placed at the bottom of the lake, were more effective than SIM-1 and SIM-3. This is evidenced by noting the change in the depth of the mixed layer, the average buoyancy frequency, the average water temperature and the bottom temperature as follows. The depth of the mixed layer changed from 7.7 metres in the baseline scenario to around 14.5 metres in SIM-2 and SIM-4. The buoyancy frequency changed from a baseline value of 0.023 s -1 to 0.013 s -1 in SIM-2 and SIM-4. The buoyancy frequency for SIM-1 and SIM-3 decreased to 0.020 s -1
. The simulated water temperatures for SIM-1 and SIM-2 are presented in Figure 12 .
The mean lake temperature increased in the aerated-lake scenarios. For SIM-2 and SIM-4, the mean annual temperature increased by 20% and for SIM-1 and SIM-3, by 14%. This indicates that besides increasing mixing, artificial destratification also causes an increase in the heat stored in the water. This is due to the fact that convection is more efficient than diffusion to move heat from the surface, where heating by the sun occurs, to the bottom.
This can be corroborated by noting the temperature of the hypolimnion. is due to the different heights of the destratification system in the water). All these observations indicate that mixing under artificial destratification conditions occurs by the hypolimnion growing at the expense of the epilimnion. In other words, the hypolimnion becomes warmer due to mixing with warmer water from the epilimnion, which is the opposite to the manner in which natural destratification had been observed to occur, with epilimnion cooling at the expense of the hypolimnion. The same conclusion was also reached by Schladow and Fisher (1995) .
The temperature profiles on two selected days with high thermal stratification for the baseline scenario and for SIM-4 are compared in Figure 13 system designs used in SIM-1 to SIM-4 were quite effective in mixing the lake for the entire year, the designs were not effective in breaking down the surface stratification for those days with more accentuated temperature gradients (summer). This can be seen from the graph of the 3-year average mixed layer in Figure 11 which shows that artificial destratification increased the average depth of the mixed layer in summer from 2.5 m in the baseline scenario to around 8.0 metres in the scenarios under aeration conditions. Figure 13 . Temperature profiles on two selected days with high thermal gradients and predicted changes under artificial destratification conditions in SIM-4 (a) and In order to increase the mixing in the reservoir, particularly to lift more cold water to the surface in summer, new destratification designs were set. The idea was to increase the total net entrainment in the lake, which is proportional to the number of plumes. The air-flow rate per plume was kept at 0.002 m Mixed Layer Depth entrainment per plume was also maintained. However, the number of plumes was increased to 750 and then to 1500. The diffuser was considered as being located at the bottom. For both simulations, the destratification system was set to operate from September to March, as the previous simulations showed that artificial destratification is not an efficient mechanism to reduce evaporation from large dams under temperate climates. The new set of simulations is summarized in Table 3 . The profiles of the same days shown in Figure 13 (a) are shown in Figure 13 Following the tendencies demonstrated by the first simulations, the new set of simulations also showed that the surface temperature (and evaporation) does not change much when mixing is increased. Mixing increased from SIM-4 to SIM-6, as evidenced by the diagrams representing the average depth of the mixed layer, the buoyancy frequency, the average profile temperature and the hypolimnion temperature. However, the surface temperature, which is the parameter that directly affects evaporation, remained the same in comparison with the baseline values.
Seasonal Variation in Temperature and Evaporation Due to Destratification
As the dynamics of the surface water temperature and evaporation did not vary much between the simulations tested in this study, the following analyses for seasonal variation are valid for all simulations presented above.
The The difference between the two temperatures was around 3.5 o C.
In the very beginning of summer, the hypolimnetic water brought to the surface by the destratification system affected surface temperature and reduced evaporation. It was noticed that under destratification conditions, the frequency of surface temperature peaks was reduced in the beginning of summer. On the other hand, the minimum surface temperatures were increased. These indicate that the surface temperature is attenuated under destratification conditions, although the average temperature remains nearly the same. The lower number of days with high temperatures however, led to a slight reduction in evaporation, of 1.7%.
In autumn, evaporation was increased by around 6.0% under destratification conditions, even with the system turned off during this season. This increase is related to the heating that took place during the previous season, when the system was operating. During summer, in the baseline scenario, the average temperature at the bottom was around 15. . This shows that the destratification system added more heat to the water, increasing the lake temperature. In the beginning of autumn, the temperature of the water was uniformly warm from top to bottom due to the constant heating and mixing that took place in summer. Under natural conditions, the temperature of the surface would decrease more rapidly during autumn. After destratification took place and the temperature of the lake in the beginning of autumn became warmer, the process of cooling the surface happened more slowly. Therefore, evaporation rates under destratification conditions were slightly higher than the baseline rates in autumn.
In winter, the overturn took place and the water became well mixed and cold from top to bottom, which did not alter evaporation rates.
A new simulation was performed based on the idea that the best solution would be turning on the bubbles for short periods during the warmest season (summer). A continuous operation of the aeration system from September to November (spring) and for 5 successive days in the middle of December, January and February was tested. The results did not differ from the previous ones because the hypolimnion water was warmed up in spring and kept warm during summer bringing no reductions in surface water temperature. A period of cooling down of the hypolimnion would be necessary if the plumes are to be effective in summer.
In order to find a solution, a new simulation was set, this time waiting until summer to turn on the destratification system. The idea was to "save" the cold hypolimnion water until the time when the highest rates of evaporation take place. The aerator was turned on in the beginning of January for only 10 days. When taking a close look at those ten days in January (Figure 15 ), it was possible to observe that there was a significant reduction in evaporation and surface water temperature during the first seven days of operation of the bubble plume system, the period during which the surface suffered reduction in temperature due to mixing with the cold water from the bottom. After that, the surface temperature started to achieve the same magnitude as the baseline temperature. Eventually, the temperature became higher than the baseline, increasing evaporation. The net reduction in evaporation was therefore, minor. The increase in temperature after turning off the destratification system can be explained by the natural ability of the water column to mix vertically under destratification conditions. This natural mixing, similar to a destratification system, helps introduce more heat to the water, particularly to the surface layer, increasing evaporation. 
Conclusion
This study investigated the use of destratification by air-bubble plumes as a mechanism to reduce evaporation from large dams. The 1-dimensional model DYRESM was used to model both the natural mixing and the mixing due to artificial aeration and the resultant evaporation rates in Wivenhoe Dam, Australia.
Results from eight different simulations were presented and compared. They consisted of a baseline simulation, in which no destratification system was operated, and 7 simulations in which the lake was under artificial aeration conditions. These conditions varied from a 10-day operation during periods of higher evaporation rates, to continuous operation of the destratification system over a 3-year period.
From the simulations it was found that none of the operating strategies assessed were efficient in reducing evaporation from Wivenhoe Dam. All simulations decreased evaporation in spring, but this reduction was slight, varying from 2.8 to 4.9% of that expected for a spring without an operational artificial aeration system. In contrast, all of the strategies increased evaporation in autumn. This increase varied from 5.4% to 6.5%, resulting in a net water saving of around 0.6%/year. The influence of the destratification system in winter was insignificant, indicating that it can be turned off during this season.
Apart from the design, the effectiveness of a destratification system in reducing evaporation expectedly depends on the existence of cold temperatures in the hypolimnion associated with warm temperatures in the epilimnion. In temperate lakes, a condition like this would be expected in spring, summer and beginning of autumn. In spring, destratification would be more effective than in summer because the input of heat from solar radiation and heat transfer at the surface is less intense than in summer. In other words, in spring, the time over which the hypolimnion remains colder than the surface (ie, the time until a homogeneous profile is achieved under destratification conditions) is longer. In summer, under destratification conditions this period would be shorter, as the hypolimnetic water brought to the surface would be warmed up quickly due to the constant heat added at the surface and redistributed through the water profile. In this study, for example, the destratification system designed for Wivenhoe Dam was effective in reducing evaporation in January, but after seven days of continuous operation, the heat added at the surface and redistributed through the water profile started to intensify evaporation rates. Using artificial destratification solely in autumn would in turn lead to minor reductions in evaporation rates, because this is the season where evaporation is not as significant as in spring and summer. Finally, aerating the water in summer and stopping in autumn would leads to high reductions in evaporation at the beginning of the operation of the device followed by a rise in evaporation due to the increase in heat added to the water from the rapid surface heat exchanges, and the net water saving would be minor.
Overall, the results suggest that a continuous source of cold water at the bottom of the lake would make conditions ideal for an artificial destratification system to be effective in reducing surface temperature and evaporation rates, which is unfeasible from the point of view of water management. A possible solution for really deep dams would be moving the diffuser deeper in the water after pre-determined periods of destratification so that the water at the level of the diffuser is always colder than the surface. This would involve increasing the airflow rate at each dislocation of the aerator to accommodate the change in pressure. This possibility, however, is unlikely to be cost-effective, but still deserves further investigation.
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